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Abstract Many of the existing unreinforced masonry buildings are seismically vulnerable and require
retrofitting. In this experimental study, the cyclic behavior of six, one-half scale, perforated unreinforced
brick walls, before and after retrofitting, using Glass Fiber Reinforced Polymers (GFRPs), is investigated.
The walls were built using one-half scale solid clay bricks and cement mortar to simulate the traditional
walls built in Iran during the last 40 years of the 20th century. These walls had a window opening at
their center. One brick wall was unreinforced and considered a reference specimen. Three walls were
directly upgraded after construction using GFRPs. The fifth wall was first strengthened and tested. Then,
the seismically damaged specimen was retrofitted, using GFRPs, and tested again. Each specimen was
retrofitted on the surface of two sides. All specimens were tested under constant gravity load and
incrementally increasing in-plane loading cycles. During the test, each wall was allowed to displace in its
own plane. The key parameter was the strengthening configuration including the cross layout, grid layout,
and combined layout. Strengthening by means of GFRPs significantly improved the strength, deformation
capacity, and energy absorption of the brick wall. The increase in performance parameters was dependent
upon GFRP layout.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Despite representing a significant portion of building stock
around the world, many existing unreinforced masonry (URM)
buildings are seismically vulnerable, and need to be retrofitted.
The main structural elements to resist earthquakes in these
buildings are the old URMwalls, which were designed to resist,
mainly, gravity loads. Under seismic loading, URM walls have
two possible failure mechanisms, namely, in-plane and out-
of-plane. Therefore, researchers address either retrofitting to
improve in-plane or out-of-plane behavior. This paper focuses
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before and after retrofitting, using Glass Fiber Reinforced
Polymers (GFRPs). The principal in-plane failuremechanisms of
URB walls subjected to earthquake actions can be summarized
as shown in Figure 1 [1].
Numerous conventional techniques (e.g. ferrocement, shot-
crete, grout injection, external reinforcement, post tensioning
and center core) are available for the retrofitting of existing
masonry structures. Several researchers summarized and dis-
cussed the advantages and disadvantages of these conventional
techniques [2]. The disadvantages of these techniques can be
listed as: time consuming to apply, available space reduction,
occupancy disturbance, building operation disruption, and af-
fecting aesthetics of existing walls. In addition, the added mass
can also increase the earthquake induced inertial forces, and
may also require the strengthening of the foundations. Most of
these problems may be overcome using FRP for retrofitting.
Various researchers have examined the use of various FRPs
to enhance the in-plane performance of masonry walls un-
der monotonic, cyclic or seismic loading. Large increases in
both load and displacement capacity were observed, with the
amounts depending on the quantity and type of the FRP used.
Also, different in-plane failure modes of FRP strengthened ma-
sonrywallswere reported, such as shear failure, flexural failure,
FRP rupture, anchorage failure and debonding failure [3–13].
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sliding failure; (c) rocking failure; and (d) toe crushing failure [1].
Whereas extensive research has been conducted and
reported for the retrofitting of reinforced concrete structures
using FRP, much less has been reported for the retrofitting of
URM walls [14]. Also, very small amounts of research on the
subject of URM walls have been conducted on perforated URM
walls [15,16]. Moreover, none of them takes into consideration
all the properties of masonry constituents in the existing
masonry buildings in Iran. The problem of a masonry shear
wall becomes quite complicated if the wall has openings, but,
for functional requirements, openings must be present in the
wall. Openings have a significant effect on the characteristics
of masonry shear walls, such as failure mode, strength and
ductility [17–19].
For masonry structures, it is worthwhile to point out that in
a general sense, relatively large discrepancies between analysis
results (numerical results) and test results are observed, which
can be attributed to the nature of the masonry material.
Compared with steel or concrete materials, properties of
the masonry material, including strength values and fracture
behavior, exhibit a greater degree of uncertainty and deviance,
due to the uncontrollability of the handicraft. As a result, it
is more difficult to reach a precise analysis result for this
type of structure [20]. The numerical modeling becomes more
difficult if the masonry structure has been strengthened by
FRPs, because of the complex interaction mechanisms between
FRP and masonry material [21–23]. Thus, in this research, an
experimental programwas undertaken on the strengthening of
existing perforated brick walls by GFRPs to reach true results.
This study has been conducted on the existing unreinforced
brick shear walls representative of conditions existing in Iran.
The main objective of this paper is to assess the in-plane
static cyclic performance of these perforated unreinforced brick
walls, before and after retrofitting, using GFRPs with different
configurations. The selected test method was intended to
measure the performance of the walls subject to earthquake
loading. Since the test specimens were under quasi-static
cyclic (reversed) load conditions, the loading process simulated
earthquake actions and their effect on the walls.
The specimens were extensively instrumented. The instru-
mentation arrangement was designed in order to measure ap-
plied loads, displacement of walls, and the strain of the GFRP
strips. Assessment of the performance is reported qualitatively
through test observations and quantitatively by assessment
of the load bearing capacity, deformation characteristics, hys-
teretic response, failure energy and stiffness. The research ob-
jectives were met through a series of half-scale experimental
tests.
2. Experimental program
This static cyclic experimental program investigates the ef-
fectiveness of GFRPs as externally bonded retrofittingmaterials
for the in-plane strengthening of perforated unreinforced brick
walls. All test specimens were scaled down to one-half, due to
experimental limitations. Six half-scale URB walls were testedFigure 2: The unreinforced brick wall (specimen URBW).
at the structural laboratory of the Iran Building and Housing
Research Center in Tehran (BHRC), as followed subsequently.
Forces, displacements and strains were monitored using the
provided devices during the tests. Data collected from these
tests permit evaluation of the performance parameters of the
specimens at different limit states.
The materials used to construct the test walls and their
properties, as determined by the appropriate ASTM standards,
are given as follows.
2.1. Test specimens
The test specimens were intended to represent masonry
structures built during the last 40 years of the 20th century
in Iran [24,25]. Since the performance of the masonry walls is
influenced by the type of masonry material (bricks and mortar)
and the style of construction, in this experimental program, all
these were considered, consistent with those used in existing
unreinforced masonry buildings.
One-half scale test walls were constructed using half-scale
solid clay brick masonry units. The length, height and thickness
of these walls were 194, 143, and 16 cm, respectively. Thus,
the aspect ratio of the test specimens was about 0.74. The test
specimens were constructed on a strong reinforced concrete
footing. After allowing the specimen to cure (for at least 7 days),
a strong reinforced concrete loading beam was built on the top
of the brick wall. The foundation and loading beam dimensions
were 240 cm× 20 cm× 24 cm and 194 cm× 20 cm× 16 cm,
respectively. These test walls had one opening, which was a
certain type of window. This opening was placed in the central
part of the wall. The length and height of this window were
52 and 47 cm, respectively. One steel lintel was designed and
provided over the window for supporting the bricks above it.
This lintel was made of ST 37-2 steel (according to DIN 17100
standard). The walls were built with 36 courses of bricks. The
brick wall under this experimental study is shown in Figure 2.
Also, the GFRP strengthened walls are illustrated in Figure 3.
These walls were strengthened by one layer of GFRP. The
geometrical reinforcement ratio in one direction is defined
as a percentage of the total cross-sectional area of GFRP in
that direction, over the corresponding gross sectional area of
the specimen. The same reinforcement ratio was applied for
two different configurations (grid and cross patterns, namely,
specimens RBW-H and RBW-X) in a diagonal direction (at an
angle of 45°, with respect to the horizontal axis), approximately.
In specimen RBW-H, thewidths of the vertical GFRP strips were
13 and 30 cm and the widths of the horizontal GFRP strips were
10, 15 and 18 cm. In specimen RBW-X, the widths of the lower
diagonal GFRP strips were 13 and 20 cm and the widths of the
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X-S1; and (d) RBW-X-S2.
upper diagonal GFRP strips were 13 and 30 cm. In specimen
RBW-X-S1, the widths of the lower and upper diagonal GFRP
strips were 15 and 18 cm, respectively. The strengthening of
specimen RBW-X-S2 by means of GFRP was relatively similar
to specimen RBW-X-S1, but it had two additional vertical GFRP
strips with a width of 15 cm at the beginning and end of the
surface of two sides. The dimensions of the wall specimens are
shown in Figure 4.
The GFRP strips were properly anchored by continuing them
on the wall surface as much as possible. Also, the GFRP strips
had an anchorage length over the loading beam and the wall
thickness at the end. In specimens RBW-X-S1 and RBW-X-S2,
the lower diagonal GFRP strips were anchored into prepared
foundation grooves by an epoxy adhesive.
A U-shaped GFRP strip was installed at the beginning and
end of all the strengthened walls to avoid toe crushing. The
height and length of it were 20 and 56 cm, respectively.
The connection between brick walls and their foundation is
often weak in masonry buildings. This connection is normally
provided by means of masonry mortar. Thus, in some cases,
such as improved shear resistance (e.g. these strengthened
test walls), the uplift becomes a critical problem in masonry
walls under horizontal loads, such as earthquake loading. For
avoiding the uplift, two extra layers of GFRP strip with a
width of 15 cm were installed on the wall thickness at the
beginning and end of each strengthenedwall. These strips were
also continued above the foundation. According to existing
literature [26,27], one special connection system was designed
and provided at both ends of each GFRP strengthened wall, as
shown in Figure 5. This connection attached each wall to its
foundation.
Specimen RBW-H was tested until its failure limit state.
Then, the damaged specimen was retrofitted, using GFRP as
specimen RBW-H-R, and tested again. In specimen RBW-H-R, in
comparison with specimen RBW-H, only the connection details
between the wall and its foundation were modified, according
to Figure 5(b), by adding a thin flexible steel plate to avoid
stress concentration and GFRP rupture. This plate was made of
ST 37-2 steel (according to DIN 17100 standard). It was seen
that bymeans of this improved connection system (Figure 5(b)),
GFRP rupture at this location, and the rocking of walls over the
foundation, did not occur during the tests.2.2. Bricks and mortar
The test masonry walls consisted of materials (bricks and
mortar) representative of those used in existing masonry
buildings. A commercial firm specially produced the brick units
used in the experimental program to be one-half the scale of
the original solid clay bricks. The original solid clay brick is
210 mm × 100 mm × 56 mm. This resulted in a small scale
brick, nominally measuring 105 mm × 50 mm × 28 mm. The
bricks were completely saturated and soaked in water prior to
their use. In addition, during wall construction, the head and
bed joints were approximately 5 and 10mm thick, respectively,
to be consistent with the half-scale bricks. The mortar had a
composition of 1.25 partswater to 1 part cement to 5 parts sand,
by volume.
The bricks used in wall construction were tested in
accordance with ASTM C 67 [28]. The average compressive
strength was 11.7 MPa. Also, the average compressive strength
of the masonry panels was determined according to ASTM
C 1314 [29] as 3.89 MPa. These masonry panels had an
aspect ratio of 1.76 and had a square cross section similar
to that of the test walls. The panels were built using the
same construction technique as used for test walls. The load
versus displacement curve of these panels under compression
is shown in Figure 6. The average chord elastic modulus of
these panels was determined in accordance with ASTM C
469 [30] (Corresponding to 5% and 40% of the maximum load)
as 843 MPa.
Confinement by FRPmaterials has been considered an effec-
tivemethod for strengthening solid brickmasonry columns [31].
Thus, the compression test was also carried out on one GFRP
wrapped brick panel in order to determine the effects of the
GFRP reinforcement system. The properties of the GFRP will
be mentioned in the next section. One layer of a unidirectional
glass fiber sheet was used for reinforcement, in order to obtain
the confinement effect of the wrapped panel. An epoxy resin
based adhesive (two component epoxy Sikadur 330) was used
for bonding the glass fiber sheet. The results, compared with
those of the unreinforced brick panels, indicated considerable
increases in the maximum load, deformation capacity (the de-
formation at which the applied load drops below 80% of the
maximum load), and failure energy (defined as the total re-
quired energy until the occurrence of the failure limit state of
the specimen) as shown in Figure 6. Increases in the maximum
load, deformation capacity, and failure energy, due to strength-
ening using GFRP, were 68.4%, 167.4% and 364.9%, respectively.
At the end of the test, the full rupture of the GFRP jacket
occurred.
2.3. FRP retrofitting
Glass fiber reinforced polymerswere used to retrofit theURB
specimens. Application of theGFRP tookplace after the curing of
the brick walls for at least 28 days under laboratory conditions.
Table 1 shows the glass fiber fabric properties according to the
manufacturer’s data.
The application of the wrap material was a simple and
rapid operation. First, the desired surface was smoothed by
grinding and was cleaned with high air pressure. Second, a
strong cementitious filler layer was applied to the surface to
give a flat surface (Figure 7). Third, the surface was coated with
a thin layer of two component epoxy Sikadur 330 (Table 2).
Fourth, one layer of the glass fiber fabric was laid into the epoxy
dry,worked into the underlying layer of epoxy by handpressure
154 A. Kalali, M.Z. Kabir / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 151–165Figure 4: Dimensions of wall specimens (centimeters). (a) URBW; (b) RBW-X-S1; (c) RBW-X-S2; (d) RBW-X; and (e) RBW-H.Table 1: Glass fiber fabric properties used in the experimental program.
Commercial name Fiber orientation Area weight Tensile strength Tensile modulus Tensile elongation Picture
SikaWrap Hex 430 G Unidirectional 430 (g/m2) 2.25 GPa 70 GPa 2.8%
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Commercial
name
Tensile strength
(ASTM D 638)
Tensile modulus
(ASTM D 638)
Elongation at
break (ASTM D
638)
Compressive strength
(ASTM D 695)
Flexural strength
(ASTM D 790)
Flexural modulus
(ASTM D 790)
Sikadur 330 33.8 MPa 2.25 GPa 1.5% 86.2 MPa 60.6 MPa 3.8 GPaFigure 5: Connection details between strengthenedwalls and their foundation.
(a) Specimen RBW-H; (b) other specimens; and (c) dimensions of the
connection system.
Figure 6: Experimental compression load—vertical deformation relationships
of the panels.
and pressed with a roller. Fifth, a second coat of epoxy was
applied to the glass fiber fabric andworked againwith the roller
until complete fabric saturation was ensured. The specimens
were left to cure under laboratory conditions for at least 7 days.
Cured laminate (GFRP) properties, after a standard cure, are
given in Table 3, according to ASTM D 3039 [32].
Itwas decided that the same amount of GFRPmaterialwould
have been installed on each face of every wall in order to
prevent an eccentric stiffness and strength distribution that
may cause twisting.
2.4. Test setup and loading system
The bottom of the masonry walls was attached to the
reinforced concrete foundation with conditions simulatingFigure 7: The filler layer on the wall surface behind the GFRP in specimen
RBW-X-S1.
Figure 8: Test setup for cyclic load test of specimen RBW-X-S1. (a) Before
applying vertical load; and (b) after applying vertical load.
those that were used in existing masonry buildings (by means
of masonry mortar). The test base was rigid, and the reinforced
concrete foundation of thewalls was attached to this laboratory
strong floor firmly to avoid any uplift and sliding. The test
apparatus supported the wall to prevent displacement from
the plane of the wall, but the in-plane displacement was not
restricted. The test setup was similar for all test specimens. For
example, it is illustrated in Figure 8 for specimen RBW-X-S1.
2.4.1. Vertical loading
In a masonry building, a structural wall subjected to a
horizontal load may also be subjected to axial loads normal
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Tensile strength Tensile modulus Tensile
elongation
90° tensile
strength
90° tensile
modulus
90° tensile
elongation
Thickness ASTM test
method
537 MPa 26.49 GPa 2.21% 23 MPa 7.07 GPa 0.32% 0.51 mm D 3039 [32]Figure 9: The steel loading basket for applying vertical load.
to the bed joints. Such axial loads may result from only the
dead load of the wall itself or, in the case of load bearing shear
walls, from the additional combination of dead and live loads
applied by floor or roof systems bearing on the wall. In this
experimental study, a gravity load of 41.2 kNwas applied along
the top of the wall by the loading beam in a manner consistent
with the floor or roof loading. For this purpose, a steel loading
basket was constructed according to Figure 9. This steel loading
basket was filled with 210 lead weights and was subsequently
placed on the loading beam. The loading beam distributed this
vertical load uniformly on the top of the wall. Thus, this axial
load acting on the wall was constant during cyclic loading as
seen under actual conditions.
2.4.2. Horizontal loading
A horizontal cyclic load was applied manually in the plane
of the wall to the loading beam (via steel plates that were
connected to the loading beam during the construction),
using two hydraulic jacks and hand pumps. Two load cells
were mounted in series with the hydraulic jacks. These jacks
could only produce compressive load and were mounted
on rigid reaction frames. The loading beam distributed this
concentrated load uniformly on the top of the wall. This load
distribution along the top edge of the wall simulates floor or
roof members used in actual masonry building construction.
The test wall assembly was laterally supported along its top to
restrict the out-of-plane displacement of the assembly.
The cyclic load of the jacks was controlled to follow a
cyclic loading sequence as illustrated in Figure 10 [33]. This
loading procedure has two phases and consists of a series
of force and displacement-controlled cycles. Before the first
cracks, the loading procedure is force-controlled and consists of
incrementally increasing, single, fully reversed cycles. After the
first cracks, the loading procedure is displacement-controlled
and consists of steps, each containing three fully reversed cycles
of equal amplitude, at ductility levels of 1, 1.5, 2, 3, 4, 6, 8,
and 10.
For example, the cyclic load schedule of specimen RBW-
X-S2 is shown in Figure 11. The selected testmethod is intendedFigure 10: Loading history for cyclic load test [33].
to produce data that sufficiently describe the elastic and
inelastic cyclic properties, and the typical failure mode, which
is expected in earthquake loading. The cyclic load frequency
was very small to avoid inertial effects of the mass of the wall
and test fixture hardware during the cyclic loading. The cyclic
loading followed the corresponding procedure until the applied
load diminished more than 0.2Ppeak, that is, until the failure
limit state occurred.
2.5. Instrumentations
The specimens were instrumented with several devices
as shown in Figure 12. Eighteen linear Variable Differential
Transducers (LVDTs) measured the vertical, horizontal, and
diagonal in-plane displacements, as well as out-of-plane
displacements. Three LVDTs measured the horizontal and
vertical in-plane displacements relative to the laboratory strong
floor tomonitor if any effect of sliding or uplift of the foundation
occurred. The axial strains in the GFRP were measured using
electrical strain gauges. The applied horizontal forces at thewall
top were measured using two load cells. Loads, displacements,
and strains were all recorded by a data acquisition system.
3. Experimental observations
A summary of the experimental observations regarding the
behavior, crack pattern, and failure mode of the test walls
subjected to cyclic tests is given in the present section.
3.1. Specimen URBW
Specimen URBW was a reference specimen, with an aspect
ratio of 0.74. Before the test, this specimen was whitened
by lime for a better observation of the cracks on the wall
during cyclic loading. The unreinforced brick wall exhibited
a shear dominated response as expected. A sketch of the
crack pattern of this specimen is given in Figure 13. This type
of response was characterized by the development of early
diagonal shear cracks, which started at the lower and upper
corners of the window and then extended diagonally towards
the wall corners. Under increasing displacement, diagonal
shear cracks propagated through the bed and head mortar
A. Kalali, M.Z. Kabir / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 151–165 157Figure 11: Loading history of specimen RBW-X-S2. (a) Displacement versus cycle number; and (b) force versus cycle number.Figure 12: An overview of the instrumentation.
Figure 13: Specimen URBW at the end of the test (shear failure mode). (a) Full
surface; (b) top-left; and (c) bottom-right.
joints or the bricks, and tended to concentrate in the diagonal
bands. After full development of these diagonal cracks, it was
dangerous to continue loading and, thus, the cyclic loading
was stopped, because the complete collapse of the wall was
quite possible. However, in the GFRP strengthened walls, the
integrity of the wall at the ultimate stage was ensured by the
GFRP reinforcement. This specimen had an average maximum
strength of 26.1 kN.
From this test, it can be seen that the damage started at
the corners of the window and then developed diagonally. The
required reinforcement at these corners was provided in the
strengthened specimens using GFRP in the form of a grid layout
or a cross layout as mentioned earlier.
It is possible to introduce the concept of an effective crack
direction with the purpose of obtaining a graphic visualizationof the cracking pattern in the finite element model of the
masonry wall. Different criteria can be adopted for a definition
of the direction of cracking. For example, we can assume
that cracking initiates at points where the maximum principal
tensile stresses are themost. The direction of the vector normal
to the crack plane is assumed to be parallel to the direction
of the maximum principal tensile stress [34]. According to
Figure 14, the cracking initiates at the corners of the window
and develops diagonally, which is similar to experimental
observations.
3.2. Specimen RBW-H
After strengthening the brick wall by GFRP, it was computed
that the rocking of the strengthened wall over its foundation
could be totally probable. Thus, two layers of GFRP and a
connection system (Figure 5(a)) were installed on the thickness
of the wall at the beginning and end to prevent the wall from
rocking on the footing.
First, the loading procedure was force-controlled. The
specimen started to crack at a load of 44.1 kN and, thus,
the loading procedure was changed from force-controlled into
displacement-controlled. The cracks were flexural cracks and
occurred horizontally in the first bed mortar joint (i.e. between
the wall and the foundation) at the toe and heel of the wall. In
loading steps of D = 1 mm and D = 1.5 mm, these tension
cracks propagated towards the mid-length of the wall. At a
loading step ofD = 1.5mm, the applied force in both directions
(positive and negative) decreased due to the development
of these cracks. The force that was applied to the specimen
increased at a loading step ofD = 2mm for a negative direction
and D = 3 mm for a positive direction. It indicated that the
contribution of the vertical GFRP strips, at both thicknesses of
the wall to the in-plane resistance of the specimen, started.
Consequently the wall held further loads until the rupture of
these vertical GFRP strips occurred. The full rupture of these
vertical GFRP strips took place at loading steps ofD = 4mmand
D = 8 mm for negative and positive directions, respectively,
and, thus, applied force significantly dropped suddenly. The
result obtained was that the horizontal cracks developed
over the whole wall length and separated the wall from the
foundation. It caused the wall to rock on the foundation, as a
rigid block during cyclic loading, in the rest of the test. The
specimen had an average maximum strength of 53.5 kN, and
a rocking failure mode that can be seen in Figure 15.
It is worth noting that the ultimate strength, which can
be resisted by a rocking wall under in-plane loading, can be
calculated as follows, based on the equilibrium of forces:
P = αN L
heff
, (1)
158 A. Kalali, M.Z. Kabir / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 151–165Figure 14: (a) Homogenized finite elementmodel of specimenURBW. (b) Distribution of themaximumprincipal tensile stress in specimenURBWunder a horizontal
displacement of 0.5 mm. (c) Distribution of the maximum principal tensile stress vector in specimen URBW at a lower corner of the window.Figure 15: Specimen RBW-H at the test end (rocking failuremode). (a) Bottom-
center; and (b) bottom-right.
where P = in-plane resistance; α = factor equal to 0.5 for a
fixed-free wall; N = total applied axial load including loading
beam and wall weight; L = wall length; and heff = the level
of the in-plane load application point relative to the top of
the footing. Using this equation, this specimen can rock at
an in-plane strength of 31.9 kN, which is very close to the
experimental strength at rocking. At the end of the test, it was
observed that the wall itself was approximately undamaged.
Thus, it was decided to test this wall again, as follows in the
next section.
3.3. Specimen RBW-H-R
Specimen RBW-H-R was specimen RBW-H after retrofitting.
After testing specimen RBW-H, the connection system betweenthe wall and foundation was replaced with a modified
connection, as shown in Figure 5(b), and this specimen was
tested again as specimen RBW-H-R.
First, the loading procedure was force-controlled. The
applied force was increased gradually, with increments of
approximately 4.9 kN, until 1 ton. Since this specimen
was damaged before the test, cyclic loading continued in
a displacement control. The first cracking displacement was
considered as 1 mm. When the amplitude of displacement
cycles increased, the diagonal shear cracking at the corners of
the window occurred. Crack propagation within the masonry
was accompanied by the local debonding of the GFRP strips at
those locations, until a loading step of D = 10 mm. At loading
steps of D = 10 mm and D = 15 mm, the maximum loads
of 79.4 and 86.3 kN were achieved for negative and positive
directions, respectively. Under increasing displacement, the
debonding of the vertical GFRP strips on both faces of the wall
at their top end also developed. It resulted in a decrease in
the applied force in both directions. After the full rupture or
debonding of these vertical GFRP strips at their top end, a
horizontal crack developed in the 36th bed mortar joint (the
wall was build with 36 courses of brick) over the entire wall
length. This crack divided the wall into two parts. It caused the
upper part of the wall to slide on the lower part of the wall,
with an experimental coefficient of friction of 0.64 during cyclic
loading, in the rest of the test.
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top-left; and (b) top-right.
The specimen had a horizontal sliding failure mode, as
shown in Figure 16, with an average maximum strength of
83 kN. In this figure, the rupture of some small vertical GFRP
strips can also be seen, due to shear stresses before sliding.
The original failure mode of the brick wall clearly changed
from shear to a sliding failure mode due to GFRP strengthening.
Consequently, a large gain in in-plane strength was achieved
up to the threshold of the value corresponding to the capacity
of this failure mode. The increase in the load bearing capacity
was 218%, because of GFRP.
In other specimens, the cross layout (i.e. strips oriented
parallel to the diagonals) was selected for GFRP to prevent the
wall from sliding. The grid layout (i.e. strips orientated parallel
and perpendicular to the bed joints) has no significant effect
in the case of sliding failure mode, because GRPP is not under
tension in this case and fails simply under horizontal shear.
3.4. Specimen RBW-X
First, similar to other specimens, the loading procedure
was force-controlled. Before cracking, the applied force was
increased gradually, with increments of approximately 4.9 kN.
At each loading step, the specimenwas subjected to a complete
cycle. Cyclic loading continued until a load of 53.9 kN. After
first cracking (D = 1 mm), similar to other specimens, the
test was controlled in a displacement control. The increment
in the displacement was determined according to Figure 10.
Each step of loading consisted of three cycles to the selected
displacement. The cracks were flexural cracks and occurred
horizontally in the first bed mortar joint (i.e. between the wall
and the foundation) at the toe and heel of the wall. In loading
steps ofD = 1mm toD = 6mm, these tension cracks extended
towards the mid-length of the wall.
In addition, tiny cracks appeared randomly throughout both
faces of the wall, during testing. Crack propagation within the
masonry was accompanied by the local debonding of the GFRP
at those locations. When the amplitude of displacement cycles
increased, two principal failuremodes were observed. After full
development of the horizontal crack in the first bed mortar
joint, the specimen displayed a characteristic sliding behavior.
In continuation of this sliding, because of the connection system
mounted at the beginning and end of the wall, the specimen
also started to rock on the foundation, and masonry crushing
formed in the toe, during cyclic loading in the rest of the
test. Finally, the cyclic loading was stopped when a strength
degradation of approximately 20% was achieved (the failure
limit state happened) in both directions (i.e. positive and
negative directions). Thus, the specimen had mixed modes
of failure, namely, sliding and toe crushing, with an average
maximum strength of 109 kN. This means that the GFRP
enhanced in-plane resistance by a factor of approximately 4.2.Figure 17: Formation of the truss mechanism in a positive direction.
3.5. Specimen RBW-X-S1
No cracks were observed until a load of 49 kN, when several
cracks occurred. Diagonal shear cracks occurred in the corners
of the window. In addition, horizontal flexural cracks were
detected in the first bed mortar joint at the toe and heel
of the wall. At loading steps of D = 1.5 mm and D =
2 mm, these horizontal cracks propagated towards the mid-
length of the wall. At the loading step of D = 3 mm, the
specimen reached an average maximum strength of 69.7 kN.
The vertical GFRP strips installed on both thicknesses of the
wall prevented the wall from rocking on the footing and, thus,
the damage was concentrated at the corners of the window
in the form of diagonal shear cracks. When the amplitude of
displacement cycles increased, a diagonal crack started near the
load application plate and then developed suddenly along the
compressive diagonal of the wall in any loading direction. After
full development of this shear/flexural crack over the entire
wall diagonal, a trussmechanism (consisting of tensile diagonal
GFRP strips and compressed masonry materials [35]) formed in
any loading direction (Figure 17).
Under cyclic loading, the diagonal GFRP strips were subject
to tension and compression, alternately. The local debonding of
the diagonal GFRP strips at the lower and upper corners of the
window occurred, caused by overstressing near the masonry
diagonal shear/flexural cracks behind the GFRP. Then, the GFRP
strips under compression buckled in those locations because
of their very little thickness. Debonding of the compressed
diagonal GFRP strips progressively grew up towards the end of
these strips, due to this buckling. After full debonding of the
tensile diagonal GFRP strips, the truss mechanism failed and
diagonal cracks divided thewall into two triangular parts in any
direction. The result obtained was that the in-plane force that
can be resisted by the specimen dropped significantly, and the
failure limit state took place. Also, it caused the upper triangular
part of the wall to rock on the lower triangular part of the
wall in any direction during cyclic loading in the rest of the
test. Thus, the specimen had mixed modes of failure, namely,
shear/flexural and rocking as shown in Figure 18. At the end of
the test, all the diagonal GFRP strips almost fully buckled.
It was seen that the variations pattern of GFRP axial strain
measured by installed strain gauges was similar for all tested
walls. For example, the variations curve of axial strain in GFRP
at a lower corner of the window for specimen RBW-X-S1 is
depicted in Figure 19. Under cyclic loading, the diagonal GFRP
strips were subjected to tension and compression, alternately.
Figure 19 indicates that the compressed diagonal GFRP strips
did not make any contribution to the in-plane strength of the
wall, due to the fact that they buckled under compression
simply because of their very little thickness. This buckling
phenomenon accelerated the debonding of the compressed
GFRP strips. The GFRP strips’ essential performance appeared
160 A. Kalali, M.Z. Kabir / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 151–165Figure 18: Specimen RBW-X-S1 at the test end (shear/flexural and rocking
failure modes). (a) Full surface; (b) top-left; and (c) top-right.
Figure 19: Horizontal load versus GFRP axial strain curve for specimen RBW-
X-S1.
in tension. According to Figure 19, the load–strain relationship
has a nonlinear behavior. It is seen that the strain at zero loads
increased, because masonry cracks prevented the GFRP from
returning to the zero strain state.
3.6. Specimen RBW-X-S2
In specimen RBW-X-S2, cyclic loading continued without
any damage until an in-plane load of 58.8 kN; flexural cracks
occurred in the first bed joint at the toe and heel of the wall.
At a loading step of D = 1.5 mm, these horizontal cracks
extended towards the mid-length of the wall. At a loading step
of D = 2 mm, these flexural cracks developed over the entire
wall length. Also, some diagonal shear cracks were observed
at the corners of the window. At loading steps of D = 3 mm
to D = 6 mm, because of the presence of vertical GFRP
strips at the beginning and end of the wall (both thicknesses
of the wall), which prevented the wall from rocking, shear
cracks started at the lower and upper corners of the window
and then developed diagonally towards the wall corners. In
specimen RBW-X-S2, debonding and buckling of diagonal GFRP
strips developed similar to specimen RBW-X-S1 during cyclic
loading, but the presence of the additional vertical GFRP strips
on the beginning and endof thewall surface improved the cyclic
behavior. At a loading step of D = 8 mm, the maximum load
that can be carried by the specimen under in-plane loading was
achieved. At this stage, somediagonal crackswere initiated near
the load application plate. Finally, after full debonding of the
vertical and diagonal GFRP strips on the wall surface, a diagonal
crack developed over the wall, diagonal in every direction, then
the load dropped and the failure limit state took place (see
Figure 20). While testing the specimen after full development
of these diagonal cracks, the upper triangular part of the wallFigure 20: Shear/flexural cracks in specimen RBW-X-S2 during the test.
(a) Top-left; (b) top-right; (c) bottom-left; and (d) bottom-right.
Table 4: Failure mechanisms of the tested specimens.
Specimen Modes of failure
URBW (reference) Shear
RBW-H Rocking
RBW-H-R Sliding
RBW-X Sliding and toe crushing
RBW-X-S1 Shear/flexural and rocking
RBW-X-S2 Shear/flexural, sliding, and rocking
slid and then rocked on the lower triangular part of the wall in
any direction during the rest of the test.
It is worth noting that the maximum axial strain in the GFRP
was measured at a lower corner of the window with a value
of 1.35%. The specimen had an average maximum strength of
83.9 kN and mixed modes of failure, namely, shear/flexural,
sliding, and rocking. One of the positive effects of GFRP in this
test and other tests was that it kept bricks together, despite
heavy damage to the specimen.
In all strengthened walls, rupture of the GFRP strips (those
installed on both faces of the wall) did not occur in tension, but
the failure of the strengthening took place by the debonding
of the GFRP from the surface of the wall. The debonding of
the GFRP from the masonry occurred either at the epoxy-brick
interface (between the adhesive and filler layers, possibly due
to poor surface preparation), or beneath the surface of the brick.
The extent of debonding for a GFRP strengthened wall was
detected by tapping the strengthened surface of the wall and
noting where it sounded hollow.
The failure modes of all tested walls are summarized in
Table 4. According to Table 4, it is seen that the shear failure
mode of the reference specimen changed into different failure
modes due to the GFRP. The failure mode of the strengthened
specimens is strongly dependent on the GFRP strengthening
pattern. In the next section, the characteristics of these failure
modes, such as ductility, maximum strength and failure energy,
will be evaluated for the seismic design and assessment
purposes of brick walls.
4. Experimental results and comparison
After tests, the brick walls strengthened using GFRP are
evaluated by comparing performance parameters, such as
stiffness, strength and ductility, with those of an identical
unreinforced brick wall as follows.
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The force required to push the wall, and the corresponding
displacement at each load interval, were measured. The
observed hysteresis response curve for each tested wall
specimen is shown in Figure 21.
Characteristics of the force–displacement hysteresis re-
sponse of the different failure modes in the unreinforced
and GFRP strengthened perforated brick walls can be seen in
Figure 21. The reference specimen had a shear failure mode
and exhibited a nonlinear elastic response until diagonal shear
cracks occurred. These diagonal cracks led to inelastic deforma-
tion with energy dissipation. The unloading part of the loops
was steep with considerable pinching.
The hysteresis response of a specimen after rocking took
place; for example specimen RBW-H had the following char-
acteristics. The first characteristic is that the specimen had a
nonlinear elastic response with a residual displacement close
to zero (i.e. the system was self-centering). This is a typical
characteristic of a rocking wall, where the wall resumes its
original position upon unloading as a result of the restoring
nature of the vertical compressive force. Another feature of the
loops is the stiffness softening, with limited damage, for sev-
eral cycles, due to the opening of bed joint cracks. In addition,
the loops are stable and the specimen resisted the ultimatein-plane load for several cycles with limited strength degrada-
tion. Another feature for rocking is the narrow hysteresis loops,
which led to a limited amount of energy dissipation during the
test.
The hysteresis response of a specimen after sliding took
place; for example, specimen RBW-H-R had the following char-
acteristics. Unlike the rocking response, where bed joint cracks
fully closed after unloading, therewas a significant residual dis-
placement after unloading. This residual displacement was at-
tributed to the sliding of horizontal cracks passing through the
bed joint, which resulted in large hysteresis loops. These devel-
oped large loops led to high energy dissipation. High energy dis-
sipation is a desirable property when a structure is subjected to
a severe seismic event. The area enclosed by a hysteretic loop
of a specimen at a given cycle represents the energy dissipated
by the specimen during this cycle. The energy dissipated by a
tested specimen was attributed to:
(1) Formation of new cracks;
(2) Friction along existing cracks;
(3) Crushing of masonry materials;
(4) GFRP deformation, debonding and rupture.
However, since GFRPs remain elastic until failure it was not
expected that much dissipation of energy would take place
through the deformation of the GFRPs.
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RBW-X-S2. (a) Hysteresis and envelope curves; and (b) envelope and EEEP
curves.
Figure 23: Envelope curves for all the test walls until the failure limit state.
4.2. Envelope curves and Equivalent Energy Elastic–Plastic (EEEP)
curves
Based on the observed hysteresis response curves, envelope
(positive and negative) curves were generated for each tested
wall. An envelope curve is the locus of extremities of
the load–displacement hysteresis loops. The envelope curve
contains the peak loads from the first cycle of each step
of cyclic loading. The wall displacement in the positive
direction produces a positive envelope curve; the negative wall
displacement produces a negative envelope curve. For example,
the hysteresis curve and the corresponding envelope curves for
specimen RBW-X-S2 are shown in Figure 22.
The positive and negative envelope curves were generated
for all specimens as illustrated in Figure 23. Figure 23 indicates
that strengthening using GFRP can increase the load bearing
capacity, displacement capacity and failure energy of the brick
wall significantly.
It is well-known that the response of brick walls is strongly
nonlinear also for low load levels. In order to investigate the
main aspects of the inelastic behavior of test walls, the actual
behavior was idealizedwith a bilinear curve (equivalent energy
elastic–plastic curve). Bilinearization of the actual response of
the walls represents a useful and common approach, followed
by code provisions currently available worldwide, to assess thestructural performance of existing structures bynonlinear static
procedures (for example, FEMA 356 [36]).
Thus, the Equivalent Energy Elastic–Plastic (EEEP) curves
corresponding to positive and negative envelope curves were
calculated for each tested specimen as illustrated for specimen
RBW-X-S2 in Figure 22. The Equivalent Energy Elastic–Plastic
(EEEP) curve is an ideal elastic–plastic curve circumscribing an
area equal to the area enclosed by the envelope curve between
the origin, the ultimate displacement, and the displacement
axis. The elastic portion of the EEEP curve contains the origin
and has a slope equal to the elastic stiffness, Ke. The plastic
portion is a horizontal line equal to Py determined by the
following equation:
Py =

Du −

D2u −
2A
Ke

Ke, (2)
where A is the area under the envelope curve from zero to the
ultimate displacement (Du).
The elastic stiffness (Ke) is the resistance to deformation
of a wall in the elastic range until the occurrence of the first
cracks, which can be expressed as a slope measured by the
ratio of the resisted load to the corresponding displacement
at 0.4Ppeak or 0.6Py (≈0.54Ppeak for these test specimens) in
accordance with ASTM E 2126 [37] and FEMA 356, respectively.
The definition of the in-plane load associated with the first sign
of the structural damage of brick walls is conventional, because
the response of the brick walls is strongly nonlinear, also at low
level of load. Variations of secant stiffness (ratio of the load to
the corresponding displacement) versus displacement for the
specimens are shown in Figure 24.
Performance parameters in the following limit states were
calculated for each envelope curve (positive and negative) and
the corresponding EEEP curve, and then averaged for each
specimen, as summarized in Table 5. In addition, the increase
in the performance parameters of GFRP strengthened walls, in
comparison with the reference wall, is presented in this table.
The considered limit states are the strength limit state, the
failure limit state, and the yield limit state. The strength limit
state is the point (Dp, Pp) on the envelope curve corresponding
to the absolute displacement, Dp, at the maximum absolute
load, Pp, resisted by the wall. The failure limit state is the point
(Du, Pu) on the envelope curve corresponding to the last data
point, with the absolute load equal to or greater than |0.8Pp|.
If the envelope curve contains data points at loads less than
|0.8Pp|, the failure limit state is determined at |0.8Pp|, using
linear interpolation. The yield limit state is the point (Dy, Py)
that can be determined using the EEEP curve. The ductility
factor (µ) is the ratio of the ultimate displacement (Du) and
the yield displacement (Dy) observed in the cyclic test. The
failure energy is defined as the total required energy until the
occurrence of the failure limit state of the specimen. It is equal
to the area under the envelope curve from zero to ultimate
displacement.
Based on Table 5, the improvement in the performance
parameters of the perforated brick wall, due to the different
GFRP configurations, is substantial.
A comparison between the maximum in-plane strength of
the reference and GFRP strengthened specimens is presented
in Table 5. The increase in the maximum in-plane strength
increased from 105.19% to 317.73%, due to GFRPs. Table 5
indicates that the GFRP increased the failure displacement by
a factor ranging from 1.06 to 5.55. Also, the GFRP increased the
failure energy by a factor ranging from 2.38 to 21.8.
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(a) URBW; (b) RBW-H; (c) RBW-H-R; (d) RBW-X; (e) RBW-X-S1; and (f) RBW-X-S2.Table 5: Performance parameters of the tested walls.
Specimen PP (kN) Du (mm) Failure energy
(kN.mm)
Ke = 0.4PP/De Ke = 0.54PP/De
Ke (kN/mm) µ Ke (kN/mm) µ
URBW (Reference) Average 26.1 6.15 147.7 93.3 23.31 79.5 19.61
RBW-H Average 53.5 7.68 351.8 97.1 16.55 86.9 14.45
Increase (%) 105.19 24.82 138.18 4.16 −29.01 9.31 −26.32
RBW-H-R Average 83 19.84 1369 36 9.82 25.8 6.89
Increase (%) 218.01 222.47 827.02 −61.46 −57.86 −67.58 −64.88
RBW-X Average 109 34.12 3219.2 113.5 40.52 41.9 14.59
Increase (%) 317.73 454.72 2079.94 21.71 73.86 −47.39 −25.60
RBW-X-S1 Average 69.7 6.49 401.9 288.8 29.32 229.6 23.36
Increase (%) 167.19 5.51 172.16 209.72 25.79 188.77 19.13
RBW-X-S2 Average 83.9 11.55 860.9 226.1 34.38 118.1 17.85
Increase (%) 221.82 87.70 482.99 142.47 47.52 48.55 −8.95Table 5 shows that the increase in the elastic stiffness of
the GFRP strengthened walls, in comparison with the reference
wall, is between 4.16% and 209.72% excluding specimen RBW-
H-R, which was a seismically damaged specimen before the
test, and specimen RBW-X in the second case (the secant
stiffness corresponding to 0.54Pp). This stiffness is secant elastic
stiffness. Specimen RBW-X had the highest strength in the
current investigation and suffered severe damage during the
cyclic test. On the other hand, it was seen that the GFRP did
not change the initial stiffness of the specimens, except for
specimen RBW-H-R. In specimen RBW-H-R, due to the heavydamage (the horizontal cracks developed over the whole wall
length in the first bed joint) that existed in the specimen before
retrofitting, the GFRPwas not able to recover the initial stiffness
of this retrofitted specimen.
According to Table 5, GFRPs had no great positive influence
on the ductility factor. This is reasonable, because both theGFRP
and the GFRP-masonry interface are brittle and the masonry is
semi-ductile under combined shear and compression [35].
For economical investigation of different strengthening
configurations, the strength parameter has been considered.
The strength increase of the brick wall, due to the different
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Specimen α = Increase in
strength (%)
ρ = Reinforcement
ratio (%)
β =
(α/ρ)
RBW-X-S1 167.2 43.9 3.81
RBW-X-S2 221.8 58.3 3.80
RBW-X 317.7 81 3.92
RBW-H-R 218 93.4 2.33
RBW-H 105.2 93.4 1.13
reinforcement patterns and the amount of the GFRP used, has
been calculated for all strengthened specimens, which have
been presented in Table 6. In this table, ‘‘Reinforcement ratio’’
for a specimen is defined as the percentage of the area of the
GFRP used on each face of the specimen over the area of the
specimen surface. According to the values of the β parameter
in Table 6, it can be concluded that the diagonal configurations
for the GFRP are more optimal than the grid configurations.
Furthermore, regarding the value of the β parameter for
specimens RBW-H and RBW-H-R, it can be seen that by using
a suitable connection system between a strengthened wall
and its foundation, for preventing the wall from uplift, FRP
strengthening would be more efficient.
5. Conclusions
The in-plane behavior of one-half scale brick walls with
different GFRP strengthening patterns has been studied under
cyclic shear-compression loading in a quasi-static test facility.
Based on the presented results, the following remarks are
outlined.
The compressive strength of the GFRP wrapped masonry
panel was 1.68 times that of the unwrapped panels, due to the
confinement effect. Also, the deformation increased visibly up
to failure, due to the GFRP.
These experimental tests demonstrate the ability of GFRPs
to keep the bricks together and maintain the specimens’
integrity. Debris falling fromURMwalls during real earthquakes
represents a major source of hazard, even if the whole building
remains safe.
The response of the strengthened test walls (improved
shear resistance) showed that the issue of global rocking can
be substantial and must be considered in the strengthening
system. In other words, after a particular masonry shear wall
has been strengthened, a major concern that needs to be
considered is to provide an adequate connection between the
strengthened wall and the adjacent foundation.
The cross configuration for GFRP ismore efficient in terms of
the in-plane load bearing capacity of a strengthened brick wall
than the grid configuration; because only the former is effective
against entire failure mechanisms in brick walls.
The original failure mode of the perforated unreinforced
brick wall clearly changed from shear to other failure modes,
such as sliding mode, rocking mode, and mixed failure modes,
due to GFRP strengthening. Consequently, substantial gains
in in-plane strength were achieved up to the threshold of
the values corresponding to the capacity of these new failure
modes.
GFRP proved to be effective for improving the seismic
resistance of unreinforced brick walls. The in-plane strength of
the perforated brick wall is considerably improved by GFRP.
For the particular specimens tested during this investigation,
GFRPs increased the specimens’ in-plane resistance by a factor
of 2.05–4.18. Also, the displacement capacity and failure energyof the GFRP strengthened walls were substantially modified by
the external reinforcement, without significantlymodifying the
ductility factor.
For GFRP strengthened perforated brick walls, the ranges
of condition, under which the currently observed modes of
failure occur, need to be elucidated; simple analytic methods
need to be developed for codification. At present, the authors
of this article are developing these simple analytical models
for GFRP strengthened perforated brick walls, under different
conditions, the results of which will be presented in a
subsequent article. The range of testing needs to be increased
to determine if yet unknown modes of failure might occur.
In other words, strengthening of perforated brick walls using
GFRP have received little attention to date, but should be
investigated. Since so little has been done, but that which
has been investigated shows exciting promise, further work
is needed to explore the many possibilities of improving the
performance of perforated brick walls under seismic loading.
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